The adsorptivities of supercritical CH 4 and H 2 of the external and internal tube walls of single wall carbon nanotube (SWCNT) were determined. The internal tube wall of the negative curvature showed the higher adsorptivities for supercritical CH 4 and H 2 than the external tube wall of the positive curvature due to their interaction potential difference. Fine SWCNT bundles were prepared by the capillary force-aided drying treatment using toluene or methanol in order to produce the interstitial pore spaces having the strongest interaction potential for CH 4 or H 2 ; the bundled SWCNT showed the highest adsorptivity for supercritical CH 4 and H 2 . It was clearly shown that these nanostruc-tures of SWCNTs are crucial for supercritical gas adsorptivity.
Introduction
Single wall carbon nanotube consists of a rolled graphene (tube) and hemispherical caps at both ends (Iijima and Ichihashi 1993) . Hence open single wall carbon nanotube has a cylindrical tube structure having external and internal tube walls of positive and negative nanoscale curvatures, respectively. The open single wall carbon nanotube has an extremely high geometrical surface area of 2630 m 2 g −1 , because all component carbon atoms are exposed to the external and internal walls. The sign of the nanoscale curvature should be essentially influential to adsorption properties for gases, because the interaction potential energies of a molecule with the single wall carbon nanotube wall of the different curvature sign are different each other. In particular, such a curvature sign difference should give an intensive effect on supercritical gas adsorption. This is because the molecule-single wall carbon nanotube interaction potential difference between the positive and negative curvatures is critical to adsorption under the supercritical conditions. Accordingly the relationship between the supercritical gas adsorptivity and the nanoscale curvature sign should be studied (Ohba et al. 2007 ). However, most single wall carbon nanotube have the bundle structure and thereby the dependence of the gas adsorption property on the curvature sign of the single wall carbon nanotube wall cannot be studied.
Hata et al. succeeded to prepare mutually isolated single wall carbon nanotubes (SWCNTs) of high purity using CVD method with isolated nanocatalyst particles embedded in the catalyst substrate; the SWCNT length is in an order of 1 mm (Hata et al. 2004 ). Hence, the tube opening of this type of SWCNTs enables to elucidate the relationship between the curvature sign difference and adsorptivity for supercritical gas.
It is well-known that interstitial pores in the bundled single wall carbon nanotube give the deepest interaction potential which favors for adsorption of supercritical gas. However, it is difficult to control the bundle structure for ordinary single wall carbon nanotube samples, because as-received single wall carbon nanotube sample has the bundled structure. As the major SWCNTs prepared by Hata et al. are isolated, we can control the bundle formation. SWCNTs are well wet to an organic solvent and thereby simple drying of SWCNTs immersed in the organic solvent should produce a considerably firm bundle structure depending on the capillary force. Then we can also study the relationship between supercritical gas adsorptivity and bundle structure of SWCNT.
The global warming is a serious issue for the future of human being. We have a great need for fundamental researches which are associated with clean energy storage. Supercritical H 2 and CH 4 are representatives of the clean fuels. In particular, supercritical H 2 doesn't emit any CO 2 on burning. Then H 2 is expected to be an ideally clean energy; the appropriate adsorbents for storage of H 2 have been actively studied (Assfour and Seifert 2010; Kim et al. 2007; Kockrick et al. 2010; Nishihara et al. 2009; Salvador et al. 2009; Tsao et al. 2010; Wenzel et al. 2009; Xua et al. 2007; Zheng et al. 2010) . Although there are no greatly promising storage results for supercritical H 2 on SWCNTs, further understanding of physical adsorption mechanism of supercritical H 2 on well-designed SWCNTs systems is indispensable (Arai et al. 2009 ). CH 4 is the cleanest in the hydrocarbon fuels and then we should have a satisfied adsorbent for supercritical CH 4 (Kockrick et al. 2010; Menon and Komarneni 1998; Moellmer et al. 2010; Ottiger et al. 2008; Prauchner and Rodríguez-Reinoso 2008; Rejifu et al. 2009; Senkovska and Kaskel 2008; Solara et al. 2008; Urabe et al. 2008; Urbonaite et al. 2008) . We must understand the relationship between nanostructure of adsorbents and CH 4 adsorptivity. Therefore, the adsorptivity of the nanostructurecontrolled SWCNT for N 2 and CH 4 must be elucidated. This paper reports effect of the nanoscale curvature and bundle structure controlled by the capillary force-aided drying on adsorptivities of highly pure SWCNTs for supercritical H 2 and CH 4 .
Experimental
The isolated SWCNTs were produced by the CVD method reported earlier (Hata et al. 2004 ). The SWCNTs were sonicated in toluene or methanol at 273 K for 12 h, and then they were aged for 24 h. After the treatment, they were filtrated and dried at 423 K in order to form the bundle structure using capillary force on the solvent evaporation. Thus-obtained SWCNT with toluene or methanol is denoted Tol-SWCNT or Met-SWCNT, respectively. The SWCNTs were also oxidized in a flow of N 2 and O 2 mixture (N 2 :O 2 = 80:20) at the flow rate of 150 ml min −1 at 693 K for 1 h in order to remove caps selectively. This SWCNT sample is denoted Ox-SWCNT. The SWCNT samples were characterized with Raman spectroscopy (YAG laser: 532 nm, Ar laser: 633 nm, NRS-3100, JASCO), scanning electron microscopy (SEM) (JSM-6330F, JEOL), high resolution transmission electron microscopy (TEM) (JEM-4000FX 2 , JEOL). The nanopore structure of the SWCNT samples was determined by N 2 adsorption at 77 K after pre-evacuation at 423 K and 10 −4 Pa for 2 h with a volumetric apparatus (Quantachrome Co., Autosorb-MP-1); the pore structural parameters were obtained by the subtracting pore effect (SPE) method (Gregg and Sing 1982; Kaneko et al. 1992a Kaneko et al. , 1992b using the high resolution α s -plot and DR analysis (Dubinin 1960) . We measured high pressure adsorption isotherms of supercritical H 2 at 77 K and CH 4 at 303 K gravimetrically after the pre-evacuation at 423 K and 10 −4 Pa for 2 h. The modified buoyancy-mediated method was used for evaluation of the adsorbed-layer volume, which is applied to the gravimetrically determined adsorption isotherm without the buoyancy correction (Noguchi et al. 2007 ). The particle densities of the SWCNT samples, which were indispensable to obtain the correct high pressure adsorption amounts, were measured with high pressure buoyancy method up to 6 MPa of He at 303 K after the preevacuation treatment same as the adsorption measurements (Kaneko et al. 1992a (Kaneko et al. , 1992b .
Results and discussion
3.1 Nanopore structure control Figure 1 shows N 2 adsorption isotherms of SWCNT samples at 77 K. The adsorption isotherms of SWCNT and Ox-SWCNT are close to IUPAC Type II, being the representative adsorption isotherm of a nonporous solid. However, both have a very sharp uptake near the ordinate; the considerable rising is observed around P /P 0 = 10 −3 , as indicated in Fig. 1(b) .
The vertical uptake near the ordinate in Fig. 1(a) , being characteristic of IUPAC Type I, indicates the presence
